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1 Introduction continuum framework, such as attempted, for instancé8,ihl—

The presence, in the jaw bone-teeth system, of a very thin il:_%], poses significant difficulties. In the first place, a large strain

terface made of soft tissue—the periodontal ligamiereafter %wailaﬂgn;scgﬁﬂ%ﬁ% (rj?gcr:ae?[\i/zea[tlitl)g E)efrmz ng?_ r;n';?reil?mgg d
abbreviated as PDE-strongly influences the stress state of such que, q

a system and poses significant difficulties in its mechanical mo '2nF?bEhirtZZI?Ir(gﬁntﬂgn(i:qgesgﬁémgq%;gr;g? ;rgsarl]l ::lgﬁpfisignct)f
eling. In particular, two main problems can be easily pinpointed: ’ ;

. . . : or describing bone and teeth. The necessary smooth transition
(1) the existence of very different length scalésat of the jaw- between the characteristic lengths of the two meshes implies the
teeth system and that of the PDL and its internal constitliefits 9 p

the so far scarcely explored, very complex mechanical behavior%%ﬁ:rfeavr\}eun:]oecc?s:"gz ﬁtrg;engtlij\rlgbsr orggr;f]e v%lrﬁ::?wegltlso.ws one to
the PDL. Indeed, in most numerical analyses the PDL is modeled prop Pp ’

as a homogeneous, linearly elastic continu(MtGuiness et al. avoid all the above-mentioned drawbacks. The key idea is to

[1]; Middleton et al[2]; Rees and JacobsgBl; see also Moxham model the PDL as a nonlinearterface In this way the PDL does
ana Berkovitz[4] for a,qualitative analysis c;f the PDL behavior not represent a third material subjected to large strains, as inevi-

and a similar problem setting has been also assumed in the an ?b-ltf] Isn ;:?:t(':gl;u& disrfcczlr?rtllgg’uarlwr(]j(lﬂf\:gﬁlﬁig;iﬁe‘a{;ﬁnﬁoggh
sis of dental implants including a soft stress absorbin y p puon.

o . odeling a thin layer of material as an interface is a well-
reid;ft[nsk])#tmg layer, somehow emulating the PDtan Rossen established, successful concept in mechat@sland and Reiss-

. - r [14]; Jones and Whittief15]), which has recently received
An accurate stress analysis of the teeth-PDL-bone system g ich attention(see e.g., Klarbring16] and references cited

pears as a basic step in a correct understanding of its comp, EX

mechanical-biological behavior, with implications also in the de- esrgzi'n from the few available experimental res{its 9], we
sign of effective and reliable fixed dental implarite Brunski introducega new interface constitutivs model, able to hénomeno-
[6] for a review of this particular field In the present work we ' P

attack the above-mentioned difficulties in a purely mechanicgigica”y reprqduce the essential featur_es of the observz_ad experi-
perspective, through the proposal of a mechanical model for t ental behavior. In such a way we obtain a reasonably simple tool

PDL. The latter provides the basis for an effective Finite Elemelif ich, introduced into a finite element code, enables us to de-

technique, potentially useful to obtain accurate information aboﬁ?”bfe,['rrl1 g::?gﬁl terr;;ls thf effectsdof tthg co;niJIex_, n&nllnear ber:jav-
the stress and strain fields which develop, under loading, in tl ot the on the stress and strain states in the surrounding

teeth-PDL-bone system. We start therefore from the few expe eth and_bone. . . .
Our main purpose is methodological; no attempt is made here at

mental results available in terms of the mechanical behavior of =" - .
PDL (Ralph[7]; Pini [8]; Pini et al.[9]), which indicate that the obtaining results valid in an absolute sense for the human jaw

PDL can hardly be treated as linear elastic. This suggestionqgne'PDL'tedeth Sé/sltem. Wwe {)eel_ tZat (ejven ifbthel reslults given by
indirectly confirmed by the difficulties encountered by several af® Proposed model cannot be judged as absolutely aco#ate

thors in choosing a constant elastic modulus for the PDL; fépe present stage of the knowledgt_a, itwould be impossible to state
instance, a variation of the Young modulus from 0.07 to 17512t are the “exact” results for this problgmour model should

MPa is reported ifi3], a clear indication of the inadequacy of thd €Present a starting point and, more specifically, it might enable
linear elasticity assumption. the analyst to obtain stress and strain states closer to “reality”

The experiments reported [ii—9] show that the PDL exhibits than those computed so far. This feeling is justified by the fact that
a monotonic stress-strain behavior analogous to that of many s§g have formulated and employed a mOd?l, closer to the experi-
tissuesFung[10]),with an early stage of extremely small stiffnesdn€ntal evidence than those adopted so far; it is also confirmed by
followed, in higher deformation regimes, by a marked Iocking}he indirect verifications, in terms of poth tooth moblllty and Ioad.-
i.e., a rapid increase of stress associated with a small increaséligplacement curve for tooth extraction, that will be presented in

strain. The numerical treatment of such a nonlinear behavior ir>¢ction 4. The availability of more accurate stress values, even if
only in a relative sense, should constitute a better starting point for
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of a tooth under the normal masticatory loading, under monotonic Qg(8,nB)=g(Q4,0nB), (4)
loading conditions only, so that long-term loads, such as orth-

odontic ones, are not addressed. This assumption allows us to tfeatevery orthogonal tensd®, i.e., such thaQQ'=Q'Q=1, |
both teeth and bone as simply isotropic linear elastic and to cdndicating the identity tensor and superscripthe transposition
centrate our attention simply to the nonlinearity introduced by theperation;

presence of the PDL. 3. existence of an interface potentigl such that

Two continuous bodies are considered, defined by the regions 70

0" and QP in the Euclidean three-dimensional space, interactingherey is a scalar-valued function of vectofandn®. Condition
with each other through @ufficiently smooth contact zone indi- (4) implies thaty is an isotropic function, namely, that it satisfies
cated by=. At each point of the contact surface two unit normalg,( 5 nB) = 4(Q4,QnB). As a consequence, the functighmust
may be defined, say" andn®(=—n"), directed away fron2*  gepend only on the scalar product@&ndn® and on the modulus
and from QB respectively(Fig. 1). Small strains and displace- of & (Truesdell and Nol[17]), so that

ments are assumed in the two bodies, characterized by a given

constitutive law(assumed linear elastic in the applicatipasd b=(6n,6), (6)

subjected to the usual traction and/or displacement boundary con- A B . i
ditions on their boundariegQ” and 9QB, except in the contact thereén— on” andé; is the modulus of the vectak, defined as

. Y
2 The Mechanical Model 9(&nB)= (5)

zone=. In this region of the boundary a nonlinear interface con- 8= 6—5,n8. )
stitutive law is prescribed in the way detailed below. Two essential
requirements completely characterize the interface: In the absence of detailed experimental results, we have been
+ the stress vector remains continuous across the interface,gsided by simplicity in assuming isotrop8) in the tangential
that plane. Moreover, the existence of a potentfglis consistent with
oBnE oA the general laws of thermodynami@nd facilitates the numerical
n"=-—on, (1) implementation Finally, requisite(4) is related to the material
where o denotes the Cauchy stress tensor; frame indifference of the modgl7].

« the displacement may jump across the interface, buasre  Simple dimensional considerations show that the presence of an
sumea constitutive law relating the displacement jump to théterface introduces a characteristic length in a mechanical prob-

stress vector. This may be generically written as lem [18]. Although not strictly necessary, we will identify this
characteristic length with the thicknesg, of the undeformed
o®nP=g(5,n8 % 15), (2 PDL.

The main objective of the next Section is the definition of a

whereg(-) is a vector-valued function both af=u*—u®, the _ et !
jump in displacement, and of the vector tria, £, andt®, with ~functiong(&,n”) which may properly model the mechanical be-
havior of the PDL. In what follows we will formulate a suitable

. B g .
unit vectorss® andt® defining the tangent plane to the Interfacehonlinear interface law for such a behavior, in which the normal

The constitutive Eq(2) must satisfy certain general mathematicahteraction will be considered as uncoupled from the shear one.
requisites. In particular, with reference to the specific problemhis assumption is guided by simplicity, owing to the lack of

under study, we will assume: suitable experimental data.
1. isotropy of the response in the tangential plane, so that theThis way of describing the PDL behavior allows us to confine
functiong in (2) becomes a function of andn® only: all the nonlinearity into the interface, whereas the two surrounding
oBnB=g(5,n8): 3) bodies are tre_ated in a fu_IIy Iine_ar way. N_ote also that we will
B always deal with monotonic loading of the interface and will not
2. invariance ofg under the full orthogonal group consider, therefore, any irreversible phenomena.
external loads 3 The Interface Law

3.1 Normal Interface Constitutive Law. Information re-
garding the mechanical behavior of the PDL under short-term
loads can be deduced from the experimental results described in
[8], which refer to uniaxial stress tests on bovine PDL specimens.

Stress-strain curves are reported[8] using a second Piola-
Kirchhoff uniaxial stressS versus uniaxial Green-Lagrange strain
7 representation. The Green-Lagrange strain may be written as

1/ w? Sa(6,+2wWy)  B(B+2)
Tm2\w2 )T T 2w T 2

®

wherew, andw are the thicknesses of the PDL in the undeformed
interface = and deformed state, respectively, adg=w—w,. The dimen-
sionless displacement jump parameget 5,/wgy has been intro-
duced to simplify the notation. The minimum value fgiis —0.5
in compression, corresponding &= —w, or 8= —1, whereas
in tensionz, 6,,,B€]0,+ [ .
In terms of experimentally measurable quantit®san be writ-

assigned displacements ten as
Fig. 1 Sketch of two continuous bodies in contact through the S= Fwo )
interface = Agw’
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Fig. 2 Experimental [8] and proposed
stress-strain curves for a uniaxial traction

(Egs. (10) and (11))
/compression test

Fig. 3 Experimental [9] and proposed (Egs. (17) and (18))
stress-strain curves for a shear test

fL(0")=f/(07)=E/S,,
whereE is the slope 0f10) at the origin;

(smoothness apB=0),

whereF is the total axial force which the specimen is subjected

to, and A, is the area of its cross-section in the undeformed

configuration.

fn(IBm)Zl and fr:(lgm):(),
where B, is the abscissa of the peak in tension;

In a (B,9) plot, typical experimental stress-strain data for bo-

vine PDL, re-elaborated frorf8], are reported in Fig. 2. To de-

fr(Bc)=S:/Sm.

scribe such experiments, we propose a normal interface constifisere (g, ,S,) is a representative point of the compression range

tive law in the form

S=Snfn(B),

whereS,, is the maximum stress reached in tension.

(10)

of (10). Hence, coefficientd; are functions ofE/S,,Bm,Bc,
S. /Sy, - For instanceb,b,=b,bs=E/S,,.

By assuming S,=2.5 MPa, E/S,=0.1, B,=0.45, B.
=-0.225, S;/S,,=—0.04, we obtain from the above five

Our goal is to define the functiofi,(8), which provides the conditions

normal stress component once the displacement jamis pre-
scribed across the interface. We propose the following function
f.(B) both to fit a typical experimental result (8] and to satisfy

requisite(5):

b,=0.0041, b,=24.4395, b;=27.1555,
b,=0.03694, bs=2.7071,
which define the solid curve of Fig. 2.

(12)

bl(ebzﬁ—l)e‘b352, B=0, As desired, the functiofi,(8) admits a potentialy,(J,) such
f = _ b —bsB _ 1 11 that
(B) R N
p fnw)Efn(—“): i (13)
where the non-dimensional coefficiefis(i=1,...,5) are obtained Wo n
by imposing the following five conditions: where
|
b S b,—2b36,/w,
—woﬁ Erf( \/b—3—n) +eb§’4b3Erf($ : 5,>0,
2\bs Wo 2\b,
Un(8y)= s A (14)
— ebsgil — _n _n _
Wohy| —e 5E|( bs| 1+ Wo) ) +In( 1+W0”, W< 6,<0,

In Eq. (14)

Erf(z)=\%J’zexzdx, Ei(z)=—Jx%dx (15)
0 -z
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are the error function and the exponential integral function, re-
spectively. As can be easily deduced from the curve of Fig. 2, the
potential #,, is not convex.

3.2 Tangential Interface Constitutive Law. Recently pub-
lished work[9] provides two experimental curves obtained from
shear tests on bovine PDL specimens. These curves have been
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interrupted much before the failure of the PDikhereas the ten- Y Ny
sion curves of[8] were given also for a post-peak regiméhe gn(ﬁn,(s‘)zﬁ, 0¢(J, ,5t)=£. (23)
adopted shear straipis n t

As already stated, we consider the normal and the shear behav-
iors of the PDL as uncoupled, assuming

#(8n,60) =Sl Yn(Sn) + (S0 ], (24)

a]ways non-negative. The experimental points that we have CQPnere i, is given by Eq.(14) and ¢, by Eq.(21). As a conse-

sndere_d are shown in Fig. 3. In order to give a fqll stress-straahence of Eqs(23) and (24) we have

law, similar to that introduced for the normal behavior, we need to

estimatethe coordinates of the peak that would be present in Fig. On(n) =Snfn(B), G 8)=Snfi(y), (25)

3, if the test were continued. This can be done—in an approxj ; ;

mated way—on the basis of the previous results for uniaxial te?g;%reeczklgf;mg"(ﬁ ) andfy(y) are given by Eqs(11) and(18),

sion, as follows. ’
With reference to the valu&,,=2.5 MPa, the maximum 3.4 Uniqueness. Owing to the presence of non-convex

uniaxial Cauchy stress is,,=\2S,,=5.25 MPa(having assumed terms in the potential functiong,(5,) andy:(4,), the solution of

an isochoric deformation, and using, for the stretehw/w,, the @ boundary-value problem involving the interface law governed

value at peah ,=1.45). Adopting now the von Mises criterion of by Eq. (24) may be non-unique. This is a crucial point for the

failure, the mean shear stress at failure in the uniaxial stress tesgisequent numerical investigations; its treatment is facilitated by

Tm=0m! 3, so thatr,,=3.03 MPa. Moreover, considering anthe existence of a potential governing the adopted constitutive

infinitesimal cube rotated ofr/4 with respect to the direction of model. Here we give only the main results; the analytical details

stress, the shear strain at the pealy,js=0.58. As a consequence, are reported, for the sake of completeness, in the Appendix.

we estimate the peak in the shear stress/strain curve,as The finite problem governed by the potential function defined

o

e (16)

y=

=0.58, 7,=3 MPa. by Egs.(14, 21, 24 does not necessarily admit a unique solution,
With the above interpretation of the available experiment@wing to the lack of convexity of the governing potential. How-
data, we proposed a shear stress-strain law of the form ever, in the numerical treatment of a quasi-static deformation path
involving nonlinear effects, such as that introduced by our inter-
7=S,fi(y), (17) face law(22), it is often necessary to refer to the so-caliedre-

mental problemin such a problem, a generic equilibrium configu-

ration of the system is supposed to be reached and the response to
_ oy 1\ a—Cay? a small perturbation of the boundary data has to be found. The

fily)=cy(e?’=1)e %7, »=0. (18) governing equations are thus expanded in a series of a time-like

Three conditions determine the non-dimensional coefficients Parameter controlling the deformation path, and, in the linear ap-

where the shape functioii(y) is taken to be

(i=1,2,3): proximation, the first order terms are retained.
With the particular functions,(8) and f,(y) adopted here, a
f1(0)=G/IS,, flym)=7m/Sn, f{(ym)=0, sufficient condition for the uniqueness of the solution of ihe

) o o crementalproblem is that both the incremental norntH, /d 8,
whereG is the slope of17) at the origin. Thus, the coefficients  anqd tangentialdf,/d 5, stiffnesses of the interface are positive.

may be expressed in terms 6/Sy, yn, and7y/Sy. The ex-  \jth reference to Figs. 2 and 3, this corresponds te: 0.45n,
perimental results reported in Fig. 3 yieBIS,,=0.03. The above gpg 5,<0.58n,.

three conditions define therefore the coefficientas: .
4 Numerical Results

€,=0.00127, ¢;=23.624, c5=20.366, (19 The interface constitutive model described in the previous Sec-

so that the analytical expression for the tangential constitutive 1di@ns has been implemented into a 6-node, 3 Gauss point interface
follows (represented by the solid curve in Fig. 3

Again, as desired, the functidin(y) admits a potentiall,(5;) S
such that
_ S diy
ft(Y):fx(vTo)—d—at, (20)
where
dym ( @)
6)=—Wo——| Erf| yd3—
l/ft( t) 02\/d_3 \/—SWO
d,—2d;6, /w,
+ ed§’4d3Erf( $) (1)
2\d;

3.3 The Interface Constitutive Law. The general interface
law (3) is now specified on the basis of the results obtained in tt
previous Subsections.

In terms of normal and tangential directions, Eg§) can be
recast in the following form

o°nP=g,(8,,80n°+gi(8,,60t%, (22)

where t8=§,/6, and the functionsg,(38,,6,) and g.(,,5,)

: ’ - ! Fig. 4 Numerical model for the three-dimensional simula-
specify the interface behavidire., the vector functiog of Eq.(3)  tions. The model has 10092 nodes and 41996 elements, of
has componentg, andg;) and derive(see Eq(5)) from a poten- which 37789 tetrahedral 4-noded elements and 4207 interface
tial (8, ,0,), so that elements.
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Table 1 Material properties used in the finite element analyses firms the findings by Corradi and Genfh20] and Meijer et al.
[22], the latter with reference to the elastic analysis of fixed dental

Material Young modulug€ [MPa] Poisson coefficient implants

Cortical bone 13700 0.3 Coming back to the three-dimensional model of Fig. 4, fully
Trabecular bone 1370 0.3 fixed boundary conditions have been prescribed for simplicity at
Eﬁgg}”j %8888 8-:235 the lateral sides of the considered portion of the jaw; despite this

further approximation, it is expected that the model provides re-
sults not sensibly different, in terms of stresses in the proximity of
the tooth, from the situation relative to a full description of the
jaw. Here we are only interested in the comparison between dif-
rent assumptions, and for this purpose the geometry of Fig. 4
appears to be adequdt20].
The material data adopted for the linear elastic parts of the

finite element, defined by two 3-noded triangles, each to be ¢
nected to a face of two adjacent 4-noded tetrahedral solid e
ments. To this purpose, we have exploited tHeL user subrou-

tine, available in the Finite Element general—purpose co . :
. stem are taken frof22] and sumamrized in Table 1.
ABAQUS [19]. A suitable preprocessor has been coded to aut "We have investigated the effect of a purely axial load of 300 N,

matically insert interface elements, such as those mplementgﬂd of a purely transverse load of 20 N included in the sagittal

into a pre-defined ABAQUS model. : : Ol cida-
. ; : . ane and directed from the lingual to the labial side; these load
Figure 4 illustrates the geometrical model considered for i} lues are among those suggested in the literdGias).

Finite Element analyses, which allows one to distinguish betwe Our main purpose is to compare results obtained in the presence

ggitc',cnaLimééibggﬂgra?gfe’rintgeﬂﬁm;'ﬁitoe%ﬁgﬁmgggtggéﬁt g he PDL modeled as an interface, treated either as illustrated in
) : 9 y paper or as a perfect interfaget allowing for displacement

o s e o e e ST, 5 SIaing he absence f the PDieepng cd o
of the mentalg ortion of the iaw gTh)i/s n?odel hasgno special praje other model features and loading conditions. To this end, the
P Jaw. P P ap of the equivalent von Mises stregsscalar measure of the

tence to be exact from the anatomical viewpoint, but should any- ] . : 8
way furnish reasonably accurate results in terms of mechani%‘i’balI stress level defined 85572, s being the deviatoric part

by . ; ; the Cauchy stress tensen?® is reported in Figs. 5 to 8. In
quantitiex(see[20] for a discussion of the relevance of this type 0particular, Figs. 5 and 6 refer to the case of axial loading, whereas

F'T:t?SEVL%ﬂﬁn;g:iﬂde{ﬁ;? \tiem?qz\% s;lrggs Z?f?)»r/rilgd several tw Or_esults obtained for the transverse loading are reported in Figs. 7
9 p a%% 8; Figs. 5 and 7 pertain to the analyses in which the interface

dimensional stress analyses, not reported here for lack of space -

the tooth-PDL-bone system. In particular, we have implementedsg erfect, whereas the results of analyses performed with the
standard 2-D versiofplane stress/strain and axisymmetot the nonlinear PDL |nterface.model are reported in Figs. 6 and 8. All
: the stress contours are in MPa units.

interface element, of the Goodman tyf@l]. Although on one Th . £ h - Its sh in the fi |
hand we did obtain results showing the importance of taki e comparison of the various results shows, in the first place,

into account the nonlinearity of the PDL, as found also adoptirr}gat the inclusion of a nonlinear interface into the model affects

3-D models, we found no quantitative agreement between the two— ] ] o o

and the three-dimensional results. We feel that this discrepangyOU" choice of reporting only the von Mises stress is dictated by simplicity and
. . . T ciseness. Obviously, our analyses give as a result all the mechanical quantities;

should be emphasized, in view of the significant number of 2- e task of understanding which one of these interacts with the various biological

analyses of this problem found in the literature; this result cominctions in our problem falls beyond the scope of the present article.

.l
e, eridMEEL
. =01

1. 25%0w=01
L. 04 3aeDl

0. 000asD0

Fig. 5 von Mises equivalent stress: axial loading, PDL treated as a perfect interface
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Fig. 6 von Mises equivalent stress: axial loading, PDL simulated by means of the proposed nonlinear inter-
face element

qualitativelythe stress state in the surrounding bone. In both loatkce, and the loading of a single tooth strongly influences the
ing cases the presence of the nonlinear PDL interface cause®ss state around the surrounding teeth, which is not the case for
higher peak stresses than those existing in the perfect case; ntbeeperfect interface.

interestingly, specially in the transverse loading case, the stress iFhe behavior computed in the case of a perfect PDL interface is
much more diffused by the presence of the nonlinear PDL intesso similar to that obtained treating the PDL as a linear interface.

. Hisas
e, c1l|t."|‘P I
e D

’-J..fj.“&éﬂ"’&;

Fig. 7 von Mises equivalent stress: transverse loading, PDL treated as a perfect interface
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Fig. 8 von Mises equivalent stress: transverse loading, PDL simulated by means of the proposed nonlinear
interface element

In such a case there is an obvious difficulty in identifying the This can be done both in compression, a case in which experi-

stiffness of the interface, which, in reality, varies much, both imental results are available, and in tension, to simulate the extrac-

space and in time, as a function of the applied load and of ttien process. Our results are compared in Fig. 9 with some experi-

local stress distribution. We have used, as limiting cases, the imental curves for tooth mobility in compressid®,7]. Two

tial and the maximum stiffnesses in tension given by our nonlineaumerical results are included as obtained by the use of the linear
interface model, i.e| in=1.25 MPa/mmKr+ ,;;=0.375 MPa/ interface as described above, whereas the third one, represented
mm; K| max=55.9 MPa/mmKr+ ,x=58.1 MPa/mmK  andKy

denoting longitudinal and tangential stiffnesses respectively,

which relate tractions to displacement jumps. These values are

also reasonable averages of those found experimentally in Pini

[8]; note that in our calculations we have adopted the valye = 30 T T

= Nonlinear PDL (proposed interface model)
=0.2 mm for the interface thickness at rest. m Upper incisor (Parft [7)

There is no space here to fully report all the relevant resuIO ® 1% maxillary molar (anskl B)
(some are shown in Fig.)9it suffices to note that the use of 2 25| ——= Linear PDL:K, =55.9 MPa/mm, K =58.1 MPa/mm ]
© —-—-— Linear PDL: K =1.25 MPa/mm, K = 0.375 MPa/mm

constant values of the stiffness@onstant both in space and in§
time) causes a significantly different stress distribution with re'g
spect to the nonlinear case, even if the peak stress values, for; 20
high stiffness cases, are similar to the results of the nonllne>
analyses(this could be expected, since the high load valueg
adopted bring the nonlinear interface model to a regime of hicg
stiffnesses In particular, the strong stress redistribution predicte&
under transverse loading, by the use of the nonlinear PDL modG
is almost absent in the linear analyses, using both sets of val
for the stiffnesses. It must also be added that while the nonline 10
model takes into account implicitly the effect of contact in com
pression, the linear one, in the absence of explicitly defined cc
tact surfaces, does not; therefore, when using low stiffnesses, 5
the high load values considered, compenetration occurs quite st
(at about 16 N for the vertical load dr6 N for the transverse
load). 0
These results suggest that both the models of linear and pert
interfaces are not capable to predict important effects which auc
caught by the nonlinear ones. Even if it is impossible to directlyIg 9 Tooth mobility curves in compression: the symbols re-
conclude that these latter yield the “correct” results, owing to th{s-er to experimental results for a molar  [6] and an upper incisor
impossibility of knowing the corresponding “exact” solutions in[7], the lines to our simulations. The solid thick line has been
terms of local stresses, such a conclusion can be reached i ined by using the proposed nonlinear interface model; the
rectly, by computing tooth mobility curves. others by using linear interfaces as indicated.
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hand, a stress analysis inside the PDL would be possible by means
of a postprocessingf the results obtained with our model, when
a micromechanical model of the PDL were available. The latter
should take into account the complexity of the geometrical/
mechanical properties of the internal structure of the PDL. Anisot-
ropy due to fiber orientation, fluid-solid interaction, irreversibility,
and time dependent response are all features clearly emerging
from the experiments reported [B]; unfortunately, such experi-
ments are insufficient, both quantitatively and qualitatively, to al-
low us to formulate a reasonably accurate micromechanical model
for the PDL. The coupling of the global analysis proposed in this
article with a local micromechanical approach would avoid the
complexity of a single, multiple-scale computation, so that the
problem would be split into two simpler sub-tasks, without loss of
accuracy.

Two main conclusions can be drawn from the present study:

Force [N]
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[=3
o
T
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400 8

300

200

100

* the description of the nonlinear behavior of the PDL produces
extremely important effects on the computed mechanical
guantities in a numerical model of the tooth-bone system;
00 0.2 0.4 086 08 1 « there is a clear theoretical and computational advantage in
Displacement [mm] employing an int_erface model !n the_ numerical analyses,
rather than a continuum, three-dimensional one.

Fig. 10 Tensile axial load—axial displacement curve obtained As stressed at the beginning of Sectiomét fully illustrated for
fror_n the numerlca_ll simualtion of the extraction of the frontal the sake of brevity and as already pointed out by one of the
incisor, mesh of Fig. 4 Authors elsewherg20], the use of a three-dimensional geometry
is mandatory; plane models result definitely inadequate and
should never be used to simulate the tooth/bone system under
by the solid line, is given by the proposed nonlinear PDL modgbad.
Here the importance of taking into account the PDL nonlinearity The results obtained in the present paper suggest that the mod-
becomes apparent. eling of the PDL by means of interface elements, together with a
As a final test, we have simulated the process of the extractigigtailed geometrical description of the jaw, should provide stress
of a tooth, again using the mesh of Fig. 4 and applying a tensij@lues accurate enough to be useful both to investigate related
axial load to the tooth to be extractédo simulation of the real phenomena—such as bone remodeling, an analysis requiring a
luxation process has been attemptéihe relevant load displace- description of several complex phenomena, not addressed here—
ment curve is shown in Fig. 10; special care must be exerteddfd as a starting point for the design of “optimal” implants, caus-
obtain such a result numerically, since, after the peak load, t% in the surrounding bone, upon loading, stress and strain states
solution becomes unstable and is no more unique. In terms @bsely resembling those occurring around a healthy tooth. The
validation of our model, we can first observe once more that theported results, however, should be considered only as a first step
global aspect of the initial portion of the load-displacement cur@wards a precise mechanical characterization of the tooth-PDL-
is fully coherent with the known aspect of the mobility curves ithone system. Indeed, several difficulties still need to be overcome.
compression, and note, further, that the peak load value, foundT@fese are related to:
about 564 N, maybe high for a healthy human incisor, is definitely ) o ) .
acceptable if we recall that we are using strength data, for the® the irreversibility of the PDL behavior, dominated by the
PDL, taken from tests on bovine teeth. Such a value is within the Presence and motion of the fluid phase, governed by its satu-
suggested range of forces necessary for the extraction of a tooth ration index; - ) )
(100 to 800 N, and also the global aspect of the post-peak curve * the fiber contents of PDL, as WQII as the position, orientation,
appears reasonable. The ability of obtaining such a résajtos- geometry, and stiffness of the fibers.

sible to find using a linear modein a relatively simple way \york is currently in progress both to obtain better experimental
confirms the possibilities offered by the use of the proposed intgksjts(on pig PDL, expected to be more similar to the human one
face element within a three-dimensional context. than the bovine PDL tested if8]), and to develop a suitable

The cost of the reported analyses, even in the presence of MpJig\omechanical model of the PLJR4], taking into account both
than 4000 nonlinear interface elements, remains comparabletﬁg presence of the fibers and that of a fluid phase.

that of a simple linear elastic one, a fact confirming the effective- Finally, we remark that the proposed formulation of the inter-
ness of the proposed approach. On the other hand, we expect fhat cqonstitutive law could also be applied to a version of the
a nonlinear analysis, performed on a 3-D mesh in which the P, ngary Element technique, allowing for “zones” of different

is described in terms of continuum, solid elements, such as dof\gstic materials, connected by nonlinear interfaces. This approach

(on a much smaller model that includes a single tooth hly s nder current investigatiofpreliminary results to be found in
Natali et al.[13], would have required a computational cost abo%alvadori[ZS]).

one order of magnitude greater than that required by the analysis
with the interface elements.
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where we have used the orthogonality condittbnAt®=0, fol-
Appendix—Uniqueness of the Finite and the Incremen- lowing from t_r;ezfgct that® is a unit vector. Frong33), observing
that S,,6,f | At®|# is always non-negative, we may conclude that a
tal Problems solution of the incremental problem is necessarily unique when
With reference to the tooth-PDL-bone system, let the bodiémth incremental stiffnessedf,/dé, and df,/dés, are strictly
0* and QB represent the tooth and bone, respectively. positive.
Suppose now that two solutions of the equilibrium problem for
the system exist, such that the compatibility requirements on tRkeferences
displacements, and equilibrium for the forces, are satisfied. Let ug1] McGuinness, N. J. P., Wilson, A. N., Jones, M. L., and Middleton, J., 1991, “A

denote these two solutions withul et ot,pt, 6] and

[u?, €2, 0%,p?, 8], wheree is the infinitesimal strain tensor amd

is the traction exerted by the interface on the bone, ie.,
=0"nB in E € 9QB. In particular, under the assumpti¢as)

p=Snlfn(B)IN®+fi(M1°]. (26)
If we denote the difference between the two solutionsAfy)

=(-)'—(-)?, the application of the principle of virtual work
yields

f Ao--Ast-i—f Aé-ApdA=0. 27)
0AunB E

For linear elastic materials, such as, by assumption, those definlnﬁ

regions Q” and OB, governed by the constitutive fourth-order
tensorsk® and B respectively, the quantities

Ao-Ae=Ae-PAg, in QA Ao-Ae=Ae-FBAg, in QF,

(28)
are positive, and null if and only ike=0. For this reason, the first
integral in(27) is positive, and null only whedAe=0. The terms
appearing in the integrand of the second integral2® can be
expanded as

AS=ASNB+AS,

1 2 1 2
so-sf el s ol el e
(29)
so that

&t 5 5\ o

535 21 | sars o[ 2
—f(é—s)tB]-Aa (30)

tWO 2 .

Each of the two terms on the right-hand sidg8®) can be nega-
tive, owing to the decreasing part of functiohsandf; after the
maximum. Therefore, Eq27) may be satisfied and the solution of
the problem may be non-unique.

Uniqueness of solution of the incremental problem involves the

incremental form of the principle of virtual worl27), namely

f A&-AédV+J A& ApdA=0, (31)
ofunB E

where a superimposed dot indicates raterementgl quantities.
Taking now the rates of29), we obtain

s b AP s A
Ad=AS8,nB+AS B+ 5,ALE, @2)

df,
—A&t

n®+S, t®+S,,f,AtB,

Ap= Sm( A5

so that the rate analogous (0) is
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